Fu Z, Kim J, Vidrich A, Sturgill TW, Cohn SM. Intestinal cell kinase, a MAP kinase-related kinase, regulates proliferation and G 1 cell cycle progression of intestinal epithelial cells.
, originally cloned from the intestine and expressed in the intestinal crypt epithelium, is a highly conserved serine/threonine protein kinase that is similar to mitogen-activated protein kinases (MAPKs) in the catalytic domain and requires dual phosphorylation within a MAPK-like TDY motif for full activation. Despite these similarities to MAPKs, the biological functions of ICK remain unknown. In this study, we report that suppression of ICK expression in cultured intestinal epithelial cells by short hairpin RNA (shRNA) interference significantly impaired cellular proliferation and induced features of gene expression characteristic of colonic or enterocytic differentiation. Downregulation of ICK altered expression of cell cycle regulators (cyclin D1, c-Myc, and p21
Cip1/WAF1 ) of G1-S transition, consistent with the G 1 cell cycle delay induced by ICK shRNA. ICK deficiency also led to a significant decrease in the expression and/or activity of p70 ribosomal protein S6 kinase (S6K1) and eukaryotic initiation factor 4E (eIF4E), concomitant with reduced expression of their upstream regulators, the mammalian target of rapamycin (mTOR) and the regulatory associated protein of mTOR (Raptor). Furthermore, ICK interacts with the mTOR/Raptor complex in vivo and phosphorylates Raptor in vitro. These results suggest that disrupting ICK function may downregulate protein translation of specific downstream targets of eIF4E and S6K1 such as cyclin D1 and c-Myc through the mTOR/Raptor signaling pathway. Taken together, our findings demonstrate an important role for ICK in proliferation and differentiation of intestinal epithelial cells.
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INTESTINAL CELL KINASE/MAK-related kinase (ICK/MRK) (1, 15, 48) encodes a conserved Ser/Thr kinase in the CMGC group of the protein kineome, clustering with MAK (male germ cell-associated kinase) (35) and MOK (MAPK/MAK/ MRK overlapping kinase) (36) . ICK, MAK, and MOK have similarities in the catalytic domain to both cyclin-dependent protein kinases (CDKs) and mitogen-activated protein kinases (MAPKs) (15, 37) . The TDY motif of ICK and MAK and the TEY motif of MOK in their activation T-loops align with the TXY motif of classic MAPKs (15) . ICK requires an intact and doubly phosphorylated TDY motif for maximum activity (15) . PP5 (protein phosphatase 5) and CCRK (cell cycle-related kinase) are putative regulators for Thr-157 phosphorylation in the TDY motif (14) . Unlike classic MAPKs, the ICK kinase activity was not acutely stimulated by serum or EGF under the same condition in which the ERK kinase activity was upregulated (48) . In addition, ICK has a long COOH-terminal noncatalytic domain with postulated functions in protein-protein and protein-DNA interactions (15) . These differences in domain structure and response to growth factors suggest that ICK may operate through a signaling pathway distinct from that of classic MAPKs.
ICK mRNA is expressed in many tissues and is highly abundant in intestine and lung (1, 48) . In the small intestine, ICK mRNA expression appears to be restricted to the proliferative compartment of the crypt where the stem and progenitor cells reside (48) . The specific localization of ICK mRNA in the crypt suggests an important function for ICK in some aspect of stem cell or progenitor cell activity. Various signaling cascades including Wnt, Hedgehog, BMP, and Notch have been implicated in the control of stem cell activity, proliferation, lineage commitment, terminal differentiation, and cell survival during normal development and tissue regeneration of the gastrointestinal epithelium (8, 41) . Dysregulation of the signaling pathways that control these biological processes can lead to intestinal neoplasia (4, 41, 42) . Recently, a role for the mammalian target of rapamycin (mTOR) signaling pathway during the development and morphogenesis of the intestinal epithelium has also emerged (30, 32) . mTOR plays a central role in cell growth and proliferation by integrating nutrient, hormonal, and energy signal inputs to control protein translation (16, 45) . mTOR forms two structurally and functionally distinct multiprotein complexes, mTORC1 and mTORC2. mTOR when associated with its regulatory protein Raptor in complex 1 (28) is rapamycin sensitive and regulates protein translation by modulating the activity of two important translational regulators, the eukaryotic initiation factor 4E (eIF4E) and the ribosomal protein S6 kinases (S6K1 and S6K2). eIF4E is the mRNA cap-binding protein and a key component of the eIF4F translation initiation complex. Assembly of the eIF4F complex is rate limiting for translation initiation and is largely dependent on eIF4E availability. The impact of eIF4E availability on protein translation is selective and disproportional (17) . Most cellular mRNAs containing short 5Ј-untranslated regions (UTRs) are insensitive to the alteration in eIF4E availability. Only "weak" mRNAs containing lengthy and highly structured 5Ј-UTRs such as c-myc, cyclin D1, VEGF, survivin, and autocrine growth factors are sensitive to the availability of eIF4E. Elevated eIF4E function can also enhance nucleocytoplasmic transport of mRNAs encoding growth-promoting proteins such as cyclin D1 (44) . S6K1 has been postulated to modulate protein translation through multiple targets including 40S ribosomal protein S6 (24) , eukaryotic initiation factor 4B (eIF4B) (16) , and eukaryotic elongation factor 2 (eEF2) kinase (51) . mTORC1 controls cell growth and proliferation and contributes to efficient G 1 cell cycle progression through its downstream effectors eIF4E and S6K1 (11, 12) . However, the study of mTORC1 functions in mammalian organogenesis and morphogenesis is hindered because both mTOR and Raptor knockout mice die at an early embryonic stage (20) . Nevertheless, a role for TORC1 signaling in the regulation of intestinal morphogenesis and development was revealed from studies in two eukaryotic model organisms. Disruption of TOR in Caenorhabditis elegans caused intestinal atrophy associated with inhibition of mRNA translation (30) . During zebrafish development, although rapamycin induced only a mild overall developmental delay, the digestive tract development was arrested at the primitive gut tube stage (32) , suggesting that the TOR signaling events are essential for epithelial growth, morphogenesis, and differentiation in the vertebrate intestine. Gene knockdown demonstrated that this defect in gut development is mediated specifically by the rapamycin-sensitive zTOR/Raptor complex, suggesting that the mTOR/Raptor complex may play a similar role in mammalian gastrointestinal development.
In this study we sought to investigate the biological functions of ICK during intestinal epithelial cell proliferation and differentiation by knocking down ICK expression in colorectal carcinoma and intestinal epithelial cell lines using lentiviral shRNA. Here we report that knockdown of ICK expression in replicating intestinal epithelial cells induced growth retardation, G 1 cell cycle delay, and some features of gene expression characteristic of colonic or enterocytic differentiation. We also report that the expression and/or activity of several key regulatory components of G 1 cell cycle progression and of major regulators of protein translation and cell growth in the mTORC1 pathway were significantly altered. Finally, we provide biochemical evidence showing that ICK may directly interact with the mTOR/Raptor complex and that Raptor may be a potential downstream substrate of ICK.
MATERIALS AND METHODS
Cell culture. COLO 205, Caco-2, and HEK293T cells were obtained from American Type Culture Collection. RIE-1 rat intestinal epithelial cell line was obtained from Dr. Ken Brown, Cambridge, UK. Cells were maintained at a 37°C and 5% CO2 incubator. HEK293T and RIE cells were cultured in Dulbecco's modified Eagle's medium with high glucose supplemented with 10% fetal bovine serum. COLO205 cells were cultured in RPMI 1640 medium with 2 mM L-glutamine supplemented with 1.5 g/l sodium bicarbonate, 1.0 mM sodium pyruvate, 4.5 g/l glucose, 10 mM HEPES, and 10% fetal bovine serum. Caco-2 cells were cultured in Eagle's minimal essential medium with 2 mM L-glutamine and Earle's BSS supplemented with 1.5 g/l sodium bicarbonate, 1.0 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 10% fetal bovine serum.
Silencing ICK by lentiviral shRNAs. The MISSION TRC ICK shRNA Target Set was obtained from Sigma. Human ICK shRNA-1 containing a hairpin insert sequence (5Ј-CCAGTGAAATTGACA-CAATAT-3Ј) and human ICK shRNA-2 containing a hairpin insert sequence (5Ј-CCTACCATCAAGCCATTGTTT-3Ј) are most effective at suppressing human ICK expression at protein levels ( Fig. 1) . Rat ICK shRNA containing a hairpin insert sequence (5Ј-CCAGT-GAAATTGACACGATTT-3Ј) was constructed within the lentivirus plasmid vector pLKO.1-Puro. The Non-Target shRNA Control Vector (Sigma) contains a hairpin insert sequence (5Ј-CAACAAGATGAA-GAGCACCAA-3Ј) that contains four base pair mismatches to any known human or mouse genes. This nontargeting shRNA vector is used as a negative control to monitor off-target effects in that it will activate RNA-induced silencing complex and the RNAi pathway but does not target any human or mouse genes.
Lentivector particles were generated in HEK293T cells by using a calcium-phosphate protocol as described in Ref. 14. Exponentially growing cells at ϳ50 -60% confluence were infected with either ICK shRNA or the control shRNA overnight (12-14 h) before change of medium. Twenty-four hours after infection, cells were plated at ϳ6 -8 ϫ 10 5 cells/ml in 10-cm dishes and grown for 3-4 days in the presence of 5 g/ml puromycin. Infected cells were harvested either for determination of cell number and cell cycle distribution or for mRNA and protein extraction.
Determination of viable cell number. Infected COLO 205 or RIE cells were grown for 3-4 days before harvest. Unattached cells floating in culture medium and attached cells removed from tissue culture plates by trypsin-EDTA were pooled and counted by using a hemocytometer based on Trypan blue exclusion staining. Infected Caco-2 cells were cultured at preconfluence for 3-4 days. Because Caco-2 cells cluster, it is difficult to determine the total viable cell number by counting via a hemocytometer as described above. Therefore, we determined the Caco-2 cell number from cell culture infected with ICK shRNA relative to those infected with the control shRNA by counting the number of cell nuclei stained with 4,6-diamidino-2-phenylindole (DAPI). Forty optical fields under ϫ20 lens were randomly selected per coverslip for counting and triplicate coverslips per treatment were counted. The mean cell count of ICK shRNA treated cell culture was plotted as the percentage of the mean cell count of the control shRNA-treated cell culture.
Flow cytometry. Attached and unattached COLO 205 or RIE cells were pooled as described above, washed in PBS, and fixed in a 1% paraformaldehyde solution. Fixed cells were permeabilized in 70% ethanol and stained with 80 g/ml of propidium iodide (Sigma) in the presence of 100 g/ml of ribonuclease (Roche). DNA content was determined by use of a FACSCalibur flow cytometer (Becton Dickinson Biosciences). Data were analyzed by use of Mod Fit Software (Verity Software House).
Quantitative real-time PCR. Total RNA was isolated from COLO 205 and Caco-2 cells expressing either ICK shRNA or the control shRNA using RNeasy Protection Mini Kit (Qiagen). The first-strand cDNA was synthesized by reverse transcription from isolated RNA and used for PCR using Taqman PCR master mix in triplicates (Applied Biosystems). Quantity of target mRNA was measured by real-time PCR using an ABI PRISM SDS7000 detection system (Applied Biosystems). Taqman primer sets were obtained from Applied Biosystems: ICK (Hs00248170), CCND1 (Hs00277039), MYC (Hs01570247), CDX2 (Hs00230919), sucrase isomaltase (SI) (Hs00356112). The 18S RNA was used as internal reference for normalization.
Cell extract preparation and Western blot. Cells were harvested in ice-cold PBS and lysed in lysis buffer [50 mM Tris ⅐ HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40 (NP-40), 2 mM EGTA, and 2 mM DTT supplemented with complete protease inhibitors (Roche), 1 mM Na 3VO4, 1 M microcystin LR, and 5 mM ␤-glycerophosphate]. Cell lysate was cleared by centrifugation. Protein concentration of the supernatant was determined by Bradford assay (Bio-Rad). Equal volume of cell extract and 2ϫ sodium dodecyl sulfate (SDS) sample buffer (0.5 M Tris, pH 6.8, 10% SDS, 10% glycerol, 0.1% bromphenol blue) were mixed, heated for 5 min, and stored frozen at Ϫ20°C. Equal amounts of total protein from cells expressing either ICK shRNA or the control shRNA were loaded onto a SDS gel and transferred to a PVDF membrane for Western blotting.
Western blotting was done essentially as described in Ref. 15 . A rabbit polyclonal ICK antibody was generated against the ICK peptide, (C)EQKNGEIKPKSRR (residues 388-400 of mouse ICK), purified on a peptide affinity column (Sulfolink from Pierce) and stored frozen in 50% glycerol. Antibodies against E-cadherin, cyclin D1, CDK4, p21
Waf1/Cip1 , p27 Kip1 , p15 INK4B , Cdx2, mTOR, Raptor, eIF4E-binding proteins 1 and 2 (4EBP1 and 4EBP2), phospho-Cdk2 (Thr160), and phospho-p70 S6 kinase (Thr389) were from Cell Signaling Technology. Mouse monoclonal eIF4E and Cdk2 antibodies were from BD Transduction Laboratories. Mouse polyclonal PC-LKC antibody was from Novus Biologicals. Liver-intestine cadherin (LI-CDH) (H-167) rabbit polyclonal antibody and c-MYC (9E10) mouse monoclonal antibody were from Santa Cruz Biotechnology. Rabbit anti-ACTIVE MAPK (pTEpY) polyclonal antibody was from Promega.
GST pull-down assay. Glutathione S-transferase (GST; 2 g) or GST-ICK (10 g) plasmid was cotransfected with AU1-mTOR (4 g) and/or Flag-Raptor (2 g) plasmids into HEK293T cells. Forty-eight hours after transfection, cells were harvested in ice-cold PBS and lysed in lysis buffer [50 mM Tris ⅐ HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 2 mM EGTA, complete mix of protease inhibitors (Roche), 1 mM Na3VO4, 1 M microcystin LR, and 5 mM ␤-glycerophosphate]. The cell lysate was cleared by centrifugation. A portion of the cell lysate was used for Western blotting as a control for protein signal input. The rest of the cell lysate was incubated with glutathioneSepharose beads (Amersham Biosciences) for 2 h at 4°C to absorb GST fusion proteins. The beads were washed extensively with lysis buffer followed by PBS buffer. The beads were boiled in SDS sample buffer for 5 min to elute binding proteins.
In vitro kinase assay. Flag-tagged human Raptor or mTOR plasmid was transfected into HEK293T cells. Forty-eight hours after transfection, cells were harvested and lysed. To pull down Flag-Raptor or Flag-mTOR, the cell lysate was cleared by centrifugation and subsequently incubated with the anti-Flag (2-3 g/ml) monoclonal antibody (Sigma) plus protein A-Sepharose beads (Pierce) at 4°C for 3-4 h. The beads were extensively washed in lysis buffer followed by kinase buffer (50 mM HEPES, pH 7.5, and 10 mM MgCl 2 supplemented with 5 mM DTT, complete protease inhibitors [Roche], 1 mM Na 3VO4, 1 M microcystin LR and 5 mM ␤-glycerophosphate). The beads samples were incubated with 5 Ci [␥-
32 P]ATP (7,000 Ci/ mmol), 100 M ATP, and 1 to 2 g of affinity-purified His-ICK(1-296) (14) in 50 l kinase buffer at 30°C for 15 min with gentle agitation. The reaction was terminated by addition of 50 l of 2ϫ SDS sample buffer. The reaction sample was heated at 95°C for 5 min and separated on a 10% SDS gel. The gel was dried and exposed for autoradiography.
RESULTS

Suppression of ICK expression impairs intestinal epithelial cell proliferation.
A previous study indicates that ICK mRNA is restricted to the intestinal crypt, which is the proliferative compartment of the intestine where stem cells, progenitor cells, and the rapidly replicating transit-amplifying cells reside (48) . Therefore, we examined the potential biological effects of ICK on proliferation by suppressing ICK expression in a highly proliferative colonic epithelial cell line, COLO 205, using lentiviral shRNA. Two different ICK shRNAs effectively decreased ICK protein level in COLO 205 cells compared with the control shRNA (Fig. 1A) . COLO 205 cells were infected with the ICK shRNA, and the viable cell number was determined 4 days after infection when the protein level of ICK was markedly reduced. No significant difference in the total viable cell number was detected when comparing cell cultures that were not infected with those infected with the control shRNA. However, there was a significant decrease (by ϳ60 -70%) in the total viable cell number of cell cultures infected with either ICK shRNA-1 or ICK shRNA-2 compared with those infected with the control shRNA or uninfected (Fig. 1B) .
We also examined the potential effect of ICK on cell proliferation in RIE-1 rat intestinal epithelial cell line and Caco-2 colon carcinoma cell line. ICK shRNA was able to effectively knockdown ICK protein level in both RIE-1 and Caco-2 cells compared with the control shRNA (Fig. 1C) . There was a 50 -60% reduction in the total viable cell number of replicating preconfluent Caco-2 cells and RIE cells infected with ICK shRNA compared with those infected with the control shRNA (Fig. 1D) .
Silencing ICK triggers cell cycle delay at G 1 . One possible reason for the significant decrease in viable cell numbers induced by ICK shRNA is the inhibition of cell cycle progression. Three days after ICK shRNA infection, cell cycle progression of exponentially growing COLO205 cells was assessed by flow cytometry. A significant increase (by ϳ20%) in the proportion of cells in the G 1 phase was observed (Fig. 2) . Similarly, a ϳ20% increase in the proportion of cells in the G 1 phase was induced by ICK shRNA in replicating RIE-1 cells (Fig. 2) . These results indicate that knockdown of ICK caused a significant delay of the cell cycle during G 1 . COLO 205 cultures infected with ICK shRNA lacked the typical sub-G 0 /G 1 peak recognized in flow cytometry scans as dead cells and/or cell debris. Furthermore, cell nuclei appeared normal as revealed by DAPI staining and the activated form of caspase 3, the primary mediator of apoptosis, was not detected (data not shown). Thus programmed cell death is unlikely to be the major cause of the reduction in viable cell numbers induced by ICK shRNA.
Downregulation of ICK alters the expression of several cell cycle regulators during G 1 -S transition.
To explore the molecular mechanism underlying the prolonged G 1 phase induced by the knockdown of ICK, we analyzed the expression of several cell cycle regulator genes, particularly those that are involved in G 1 -S transition. The levels of cyclin D1 and c-Myc, positive regulators of G 1 -S transition, were downregulated whereas that of p21
Cip1 , a Cdk inhibitor at G 1 , was upregulated in cells expressing ICK shRNA compared with cells expressing the control shRNA (Fig. 3A) . In contrast, the levels of Cdk4, Cdk2, phosphorylated Cdk2, and Cdk inhibitors p27
Kip1 and p15
Ink4b
were not altered significantly following the knockdown of ICK (Fig. 3A) , suggesting that the G 1 phase delay induced by ICK shRNA is a specific cell cycle event that is primarily dependent on the availability of cyclin D1 and/or c-Myc.
Attenuating ICK function downregulates key regulators of protein translation and perturbs the mTORC1 pathway.
The expression of cyclin D1 and c-myc can be regulated at both the transcriptional and translational levels. Although ICK shRNA induced significant downregulation of cyclin D1 and c-Myc proteins (Fig. 3A) , only a modest decrease in the levels of cyclin D1 and c-myc mRNAs was observed in the ICKdeficient COLO 205 cells (Fig. 3B) . Given that the mRNAs of cyclin D1 and c-myc have lengthy, GϩC rich, highly structured 5Ј-UTRs, they are sensitive to the availability of eIF4E (7) . Therefore, we asked whether the decrease in cyclin D1 and c-Myc proteins might be the consequence of the reduced expression and/or activity of eIF4E. Indeed, a significant decrease in the protein level of eIF4E was observed in COLO 205 and Caco-2 cells treated with ICK shRNA compared with those treated with the control shRNA (Fig. 4) . The activity of eIF4E (Fig. 4A) .
In addition to eIF4E, p70 S6 kinase (S6K1) is another key regulator of cyclin D1 translation (29) . S6K1 activation is initiated by mTOR/Raptor-mediated phosphorylation of Thr-389 (28) . We found a decrease in the level of S6K1 protein in COLO205 cells expressing ICK shRNA compared with those expressing the control shRNA (Fig. 4A) . Furthermore, the activity of S6K1, as assessed by phosphorylation of Thr-389, was markedly reduced, concomitant with a significant decrease in mTOR and Raptor proteins. In contrast to COLO205 cells, Caco-2 cells expressing ICK shRNA yielded a similar amount of S6K1 protein as cells expressing the control shRNA (Fig.  4B ). However, a significant decrease in the activity of S6K1, as assessed by phosphorylation of Thr-389, was detected in Caco-2 cells expressing ICK shRNA. The reduced phosphorylation of S6K1 at Thr-389 was again associated with the reduced expression of mTOR/Raptor proteins (Fig. 4B) . In contrast to S6K1, the level and activity of ERK1 and ERK2 were not affected by the deficiency of ICK (Fig. 4A) .
ICK physically associates with the mTOR/Raptor complex and phosphorylates Raptor in vitro.
Given that suppression of ICK expression significantly downregulates the mTOR/Raptor signaling pathway, we tested whether ICK interacts with the mTOR/Raptor complex in vivo and whether mTOR and/or Raptor are putative substrates for ICK. To determine whether ICK has affinity for binding mTOR and/or Raptor, we examined the association of recombinant mTOR and Raptor with GST-ICK vs. control GST after purification from cell lysates using glutathione beads (Fig. 5A) . Although GST was expressed at a much higher level than GST-ICK, no recombinant mTOR or Raptor was detectable in washed beads with bound GST. In contrast, a portion of recombinant mTOR and Raptor was bound by GST-ICK. We conclude that ICK has a selective affinity for binding mTOR and Raptor.
To determine whether mTOR and/or Raptor are substrates for ICK, we tested the ability of active His-ICK(1-296) (14) to phosphorylate Flag-mTOR or Flag-Raptor immunoprecipitated from cells. Whereas the phosphorylation level of Flag-mTOR was unchanged, the phosphorylation level of Flag-Raptor was significantly increased after ICK and ATP/Mg treatment (Fig.  5B) . This result implicates Raptor as a putative substrate for ICK. 
ICK deficiency in COLO 205 cells induces elevated expression of genes associated with colonic epithelial polarization and differentiation.
To determine whether ICK also plays a role in regulating intestinal epithelial cell differentiation, we examined whether the knockdown of ICK expression induces changes in gene expression that are hallmarks of intestinal epithelial cell differentiation.
COLO205 cells are a highly proliferative and poorly differentiated colorectal carcinoma cell line. However, these cells can be induced to express morphological features of colonic epithelial differentiation by the overexpression of the homeodomain transcriptional factors Cdx1 or Cdx2 (27) . Although some evidence suggests functional redundancy between Cdx1 and Cdx2 (10), Cdx2, in particular, has been regarded as an intestine-specific homeobox gene and a master regulator of the intestinal differentiation program during morphogenesis and development of intestinal epithelium (5, 13, 47). The major morphological feature of differentiated COLO205 cells induced by Cdx1 or Cdx2 is the compaction of cells that is driven by the upregulated interaction between E-cadherin and ␤-and p120-catenin (10, 27) . A significant increase in Cdx2 protein was observed in the ICK-deficient COLO205 cells (Fig. 6) . However, no significant clustering of COLO205 cells that expressed ICK shRNA was observed (data not shown). The expression of two well-established downstream target genes of Cdx2, sucrase isomaltase (SI) (38) and liver-intestin cadherin (LI-CDH) (21), was also examined in COLO 205 cells infected with ICK shRNA or the control shRNA. The mRNA of SI was not detectable by quantitative RT-PCR in COLO 205 cells (data not shown), consistent with a previous report (27) . However, significant upregulation of LI-CDH protein (Fig. 6 ) and mRNA (data not shown) was detected by Western blotting and quantitative RT-PCR, respectively. Furthermore, significant upregulation of the cell adhesion protein protocadherin LKC (Liver, Kidney, Colon) (PC-LKC) was seen in ICKdeficient COLO 205 cells (Fig. 6) . PC-LKC is specifically enriched in liver, kidney, and colon and functions as a molecular switch for contact inhibition of epithelial cells (40) . In contrast, the protein level of E-cadherin was not altered following the knockdown of ICK, suggesting the ICK regulates only a subset of differentiation and polarization-related genes.
ICK deficiency in Caco-2 cells induces gene expression characteristic of enterocytic differentiation.
Caco-2 cells undergo spontaneous differentiation along the absorptive enterocytic cell lineage with time in culture, including cellular polarization and formation of tight junctions and microvilli, thus recapitulating some of the phenotypic changes that intestinal epithelial cells undergo during their migration along the crypt-villus axis. At the biochemical and molecular level, the expression of brush border hydrolases such as alkaline phosphatase and SI are increased in differentiated postconfluent Caco-2 cells compared with their expression in replicating subconfluent Caco-2 cells (9, 22) . The level of ICK mRNA was significantly decreased when Caco-2 cells attained confluence in culture and underwent a spontaneous differentiation, as demonstrated by a steady increase in the mRNA level of SI (Fig. 7A) . Furthermore, suppression of ICK expression by shRNA in preconfluent replicating Caco-2 cells resulted in the elevated expression of SI (ϳ2.5-fold) and Cdx2 (ϳ2-fold) (Fig. 7B ) compared with control cells expressing ICK.
DISCUSSION
In this study, we demonstrate that ICK plays a key role in the regulation of cell proliferation and G 1 cell cycle progression. Our findings suggest that downregulation of ICK may modulate the transition of intestinal epithelial cells from proliferation to differentiation. Consistent with this conclusion, we provide evidence that knockdown of ICK altered gene expression of several key regulators of G 1 -S transition. Specifically, cyclin D1 and c-Myc were downregulated and p21
Cip/WAF1 was upregulated, consistent with the G 1 cell cycle delay induced by ICK shRNA. ICK deficiency also resulted in the downregulation of eIF4E and S6K1 expression and/or activity, in agreement with the reduced protein translation of specific downstream target genes of eIF4E and S6K1 such as cyclin D1 and c-Myc.
Evidence from our study supports a positive role for ICK in the proliferation and G 1 cell cycle progression of intestinal epithelial cells in vitro, consistent with the restricted expression of ICK mRNA in the proliferative compartment of the small intestine in vivo. Although very little is known about the biological functions of these MAPK-related family members ICK/MAK/MOK in the intestine, the importance of the classic MAPK signaling pathways during intestinal epithelial cell proliferation and differentiation has been documented (2, 23, 49) . By small molecule inhibition or gene knockout, it has been demonstrated that ERK supports proliferation whereas p38 MAPK and JNK promote differentiation of intestinal epithelial cells. Localization of MAP kinases along the crypt-villus axis of the small intestine is directly correlated with their biological functions. Because of the lack of reliable ICK antibodies for immunohistochemistry, the distribution of ICK protein and activity along the crypt-villus axis within the small intestine are not yet known. Further studies will be required to determine whether reduced ICK expression and/or activity will change the pattern of proliferation and differentiation of intestinal epithelial cells along the crypt-villus axis in vivo.
Although ICK is similar to both CDK2 and ERK2 in the catalytic domain and can be regulated within a MAPK-like TDY motif, knockdown of ICK in intestinal epithelial cells has little effect on the expression or activation of CDK2 and ERK2, suggesting a minimal functional overlap between ICK, ERK2, and CDK2 signaling cascades. This result is consistent with our observation that disrupting ICK signaling alone in intestinal epithelial cells only resulted in partial inhibition of growth and cell cycle. It is likely that other signaling cascades, such as the MAPK pathway, are still able to drive cell cycle progression to a significant extent in the absence of ICK depending on the physiological context of the cell.
The expression and/or activity of several key regulatory components of the protein translational machinery and the mTORC1 signaling pathway were significantly altered in response to ICK deficiency. This observation is consistent with reported gene microarray data indicating that protein translation is one of the major biological processes that are significantly downregulated during differentiation of Caco-2 intestinal epithelial cells in vitro and during maturation of intestinal epithelial cells along the crypt-villus axis in vivo (33, 34) .
Our study provides further support for the role of mTORC1 pathway in the control of cell cycle and proliferation of intestinal epithelial cells during mammalian gastrointestinal morphogenesis and development. Reduced ICK expression in COLO 205 and Caco-2 cells significantly decreased mTOR and Raptor proteins, which led to reduced phosphorylation and activity of their downstream effectors such as S6K1. In addition, knockdown of ICK expression resulted in reduced expression of eIF4E protein in both COLO 205 and Caco-2 cells and reduced expression of S6K1 protein in COLO 205 cells but not in Caco-2 cells. We also observed a differential expression pattern of 4EBP1 and 4EBP2 in ICK-deficient COLO 205 cells, consistent with a previous report that the expression of 4EBP1 and 4EBP2 was differentially regulated during myeloid cell differentiation that is accompanied by a decrease in cell proliferation (18, 19) . Taken together, these results suggest that disrupting ICK function may lead to downregulation of eIF4E and S6K1 through different mechanisms that are probably cell context dependent. The molecular basis for these signaling mechanisms through which ICK regulates protein translation awaits further investigation.
A recent study in rat intestinal epithelial and human colon cancer cell lines showed that suppression of Cdx2 stimulated the mTORC1 pathway, causing translational deregulation and G 1 -S acceleration (3). This result is consistent with our finding that upregulation of Cdx2 expression correlates with downregulation of mTORC1 activity following the knockdown of ICK. The molecular basis for the inverse relationship between Cdx2 expression and mTORC1 activity is unknown. Although it is possible that other signaling cascades may also be involved in conferring the phenotype induced by ICK shRNA, downregulation of the mTOR/Raptor signaling pathway appears to be a major factor involved in regulating cell cycle and cell growth of intestinal epithelial cells in response to ICK deficiency. Thus a direct or indirect interaction between ICK and mTORC1 signaling events may be critical for the morphogenesis and homeostasis of the intestinal epithelium. Indeed, our biochemical data suggest that not only is ICK capable of interacting with the mTOR/Raptor complex in vivo but it may also phosphorylate Raptor as a direct substrate to regulate the activity and/or stability of mTORC1. Further studies are required to elucidate the biological functions of the ICK phosphorylation site(s) of Raptor.
We observed a significant decrease in eIF4E and c-Myc proteins in ICK-deficient intestinal epithelial cells. It has been well documented that the intracellular expression level of c-Myc correlates strictly with cell proliferation and has profound effects on cell cycle progression (39) . The decreased expression of c-Myc in the ICK-deficient COLO 205 cells coincides with the increased expression of p21
Cip1/WAF1 , which is consistent with prior reports showing that c-Myc represses 
the transcription of p21
Cip1/WAF1 (6, 50) . However, our data do not exclude the possibility that the increase in the protein level of p21
Cip1/WAF1 may also be the consequence of reduced proteosomal degradation induced by ICK shRNA. The core promoter of eIF4E gene contains a pair of consensus c-Myc binding sites (26) . The notion that eIF4E is a transcriptional target of c-Myc is well supported by data showing a strict correlation between eIF4E and c-Myc levels following growth induction (43) . Given that c-Myc is also a selective translational target of eIF4E, it is conceivable that a positive feedback loop may exist to reciprocally regulate the expression of c-Myc and eIF4E in ICK-deficient intestinal epithelial cells.
In contrast to ICK, expression of its closely related kinase MAK is more restricted (35) . Interestingly, MAK is highly expressed in testis where ICK expression is barely detectable (1, 35, 48) . MAK, originally identified from and highly expressed in testicular germ cells, was speculated to have an important function in spermatogenesis (25, 35) . However, the MAK null mouse is viable and fertile (46) , suggesting the existence of functional redundancy and/or feedback compensation for the lack of MAK in testis. MAK was also identified as an androgen-inducible coactivator of androgen receptor in prostate cancer cells. Similar to the role of ICK in intestinal epithelial cells, MAK is also required for prostate epithelial cell replication (31, 52) . However, unlike MAK whose expression and function may be tissue restricted, the roles of ICK in proliferation and differentiation may extend well beyond the intestinal epithelium given its much wider tissue distribution.
